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© Frequency doubling optical waveguide with active phase matching. 



© An actively phase matched waveguide structure 
suitable for use as a frequency doubling device is 
described. The device includes a non-linear optical 
waveguide (12) and phase matching of the 
waveguide is controlled by an electrically operated 
light modulator (14) which is spaced apart from the 
waveguide. The modulator includes one or more 
electrodes (24) disposed on a substrate (22) and an 
elastomeric transparent gel (28) which has a metallic 
coating (30) on its upper surface. Application of a 
voltage (Ub, Ud) between the metallic upper surface 
and the electrodes causes a deformation in the gel 
which alters the gap (20) between the upper surface 
of gel and thus provides phase matching. 
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FREQUENCY DOUBLING OPTICAL WAVEGUIDE WITH ACTIVE PHASE MATCHING. 



This invention relates to a tunable optical 
waveguide device comprising: 
a waveguide having a first layer of non-linear op- 
tical material and a second layer, said first and 
second layers having differing indexes of refraction. 

Optical digital data storage devices, such as 
compact discs, have recently come into common 
usage. Typically, such discs are read and written to 
by means of a light emitted by a semiconductor 
laser (i.e. a laser diode). However, the light gen- 
erated by semiconductor laser diodes generally 
fails within the lower end of the electromagnetic 
frequency spectrum (i.e. red or infrared). The use 
of higher frequency light, i.e. at the blue end of the 
spectrum, to read and writ© to optical storage me- 
dium would result in greatly increased storage den- 
sity. Unfortunately, however, there are yet not prac- 
tical blue semiconductor lasers. To date, the only 
blue lasers are large gas lasers which are obvi- 
ously unsuitable for use in compact and inexpen- 
sive optica! storage read/write devices. 

Accordingly, a device capable of converting the 
light emitted by readily available semiconductor 
laser diodes to blue light is greatly desired. Laser 
diodes that emit infrared light are inexpensive and 
widely available. The frequency of blue light is 
twice that of infrared radiation. Accordingly, a de- 
vice capable of doubling the frequency of infrared 
radiation has considerable commercial potential. 
The present invention is directed to providing an 
inexpensive frequency doubling device that may be 
used in conjunction with an infrared semiconductor 
laser to provide blue light suitable for use in read- 
ing and writing optical storage media. 

The field of the non-linear optics has provided 
a number of devices used as frequency doublers, 
generally through the means of second harmonic 
generation (SH6) of a fundamental frequency. 
Such devices include bulk materials and stacks of 
non-linear crystals. A particularly effective doubling 
device is a non-linear optical waveguide. As a light 
beam passes through the waveguide the non- linear 
optical effect causes the generation of a lightwave 
of the second harmonic of the input lightwave Such 
opticaJ waveguides can be quite efficient in provid- 
ing frequency doubling. 

However, efficient frequency doubling requires 
accurate phase matching between the fundamental 
and harmonic waves, if the frequency doubling 
device is not properly phase matched interference 
effects will cause attenuation of the second har- 
monic. In a waveguide the tolerance requirements 
for accurate phase matching between the geometri- 
cal and physical properties of the waveguide are 
very difficult to achieve. A number of different 



structures have been proposed to provide phase 
matching. Phase matching has been attempted by 
both passive and active means. Passive phase 
matching has been accomplished by, for example, 

5 the addition of a periodic structure to a frequency 
doubling device. However, such devices are in- 
capable of responding to changeable conditions 
and may lose accuracy over time. In contrast, the 
parameters of an active structure can be controlled 

jo in response to the measured output of the doubled 
light. Accordingly, it is desirable to be able to 
control the phase matching properties in an active 
manner. However, active phase matching devices 
have either been impractical or incapable of con- 

ts trolling the phase matching to a sufficient degree. 

The present invention is directed to providing 
an inexpensive device for doubling the frequency 
of electromagnetic radiation. This device is char- 
acterized in that it comprises 

20 a light modulator disposed proximate to but spaced 
apart from said waveguide to define a gap there- 
between, said light modulator including a substrate, 
at least one electrode disposed on said substrate; a 
deformable transparent gel layer disposed on said 

25 substrate and a layer of metal disposed on said gel 
layer; and 

means for providing a voitage differential between 
said electrode and said metallic layer so as to 
cause said gel layer to be deformed to alter said 

30 gap between said metal layer and said waveguide 
to thereby phase match said waveguide. 

The methodology and materials for construct- 
ing a light modulator suitable for tuning the flat 
non-linear optical waveguide may be found in U.S. 

35 Patent No. 4,857,978 entitled "Solid-State Light 
Modulator Incorporating Metallized Gel and Method 
of Metallization" issued August 15, 1989 and U.S. 
Patent application "Method for Metallizing Sillca- 
ContainingGel and Solid-State Light Modulator In- 

40 corporating the Metallized Gel" Serial No. 292,632, 
filed October 28. 1988. The disclosure of this pat- 
ent and this application are hereby incorporated by 
reference, as if fully set forth herein. 

As is apparent, a frequency doubling device 

45 constructed in accordance with the present inven- 
tion is advantageous in that it is relatively easy to 
manufacture because the waveguide and light 
modulator structure are not complex. Furthermore, 
since the phase matching is active the waveguide 

so v/ill frequency double over a wide range of envi- 
ronmental conditions and may be readily automati- 
cally adjusted. Finally, since the device may be 
phase matched after manufacture, wider manufac- 
turing tolerances may be utilized. 

For a better understanding of the invention 
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reference is made to the following drawings, to be 
taken In conjunction with the detailed specification 
to follow: 

Fig. 1 is a sectional view of the waveguide struc- 
ture with the voltage to the electrodes turned off; s 
and 

Fig. 2 is a sectional view of the waveguide struc- 
ture with the voltage to the electrodes turned on. 

Figs. 1 and 2 illustrate the inventive tunable 
optical waveguide device 10 with Figure 1 illustrat- io 
ing the light modulator unactivated and in Fig. 2 
with the light modulator portion activated. The tun- 
able optical waveguide device consists of a 
waveguide portion 12 and a light modulator 14. 
Waveguide portion 1 2 comprises a fiat slab of non- is 
linear optical material 16 such as by way of exam- 
ple only, potassium titanate phosphate (KTiOPOO 
known as "KTP". Disposed on layer 1 6 is a second 
layer 1 8 which has a higher index of refraction than 
does layer 16 thus forming a non-linear optical 20 
waveguide capable of second harmonic generation. 
Second layer 18 may be formed by many well 
known techniques such as thallium diffusion into 
layer 16 or by the joining of two separate layers of 
non-linear optical materials having differing indexes 25 
of refraction. 

The light modulator portion 14 is disposed with 
respect to waveguide portion 12 so that a gap 20 is 
disposed therebetween. Gap 20 is varied by action 
of light modulator 1 4 to thereby tune (phase match) 30 
the light passing through the overall assembly 10. 
Light modulator portion 14 includes a substrate 22, 
which may be such as silicon on which there are 
disposed at least one electrode 24, or a series of 
electrode 24 which are connected to wires 26 for 35 
electrical activation. Disposed over the electrodes 
24 is a deformable transparent elastomer layer 28 
on which is disposed a light reflecting metallic 
layer 30. Layer 30 can also be a transparent con- 
ductive coating. 40 

Light modulator portion 14 may be constructed 
in accordance with the teachings of U.S. Patent No. 
4,857,978 and/or application Serial No. 292,632. 
Briefly summarized, the deformable transparent 
layer 28 comprises a silicon and oxygen containing as 
gel such as polydimethyl siloxane (FDMS) whose 
upper surface is treated so as to readily adhere to 
metallic layer 30 which may be of aluminum, silver 
or indium. When a DC voltage differential is applied 
between electrodes 24 and metallic layer 30, elec- so 
trostatic attraction therebetween causes the upper 
surface of modulator 14 to become deformed, as 
shown in Figure 2. This deformation modulates gap 
20 between the modulator portion 14 and 
waveguide portion 12. Since the light propagation ss 
through v/aveguide 10 is a function of the propaga- 
tion through waveguide portion 12, modulator 14 
and air gap 20 the modulation of air gap 20 is used 
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to provide the phase matching of the entire device. 
When the driving voltage is switched off, the gel 
layer 28 returns the device to its initial geometry 
and the initial thickness of gap 20. The thickness of 
gap 20 is on the order of a fraction of 1 fim. 

The amount of deformation of gel layer 28 is 
controlled by the magnitude of the voltage which is 
supplied by a voltage source 35 and applied 
across electrodes 24 and metallic layer 30. The 
voltage may be applied in the form of a single 
driving voltage U d or by the combination of a 
driving voltage U d and a bias voltage U b . The bias 
voltage U b is present at ail times and provides gel 
layer 28 with a constant deformation. Thereafter, 
smaller changes in deformation may be made by 
varying driving voltage U d in order to provide 
phase matching of device 10. By way of example, 
the thickness of gel layer 28 is 10-20/im with a 
metallic layer 30 of approximately 0.1 - 0.2 ^m. 
Using driving by U d and U b deformities of approxi- 
mately 0.1 - 0.2 fim were achieved with a response 
time on the order to milliseconds. 

Since the phase matching is adjusted by elec- 
trical means, automatic phase matching can be 
provided by means of a control input to voltage 
source 35 which is connected to control circuitry 
38 which in turn has a control input connected to a 
light detector 36 for detectingthe intensity of the 
output light, i.e. the second harmonic of the input 
light Depending on the intensity of the output light, 
device 36 causes control circuit 38 to correct the 
output voltage of voltage supplier 35 thus insuring 
phase matching. The control circuitry need not be 
complex as the maximum intensity of the output 
light indicates a phase matched condition. The 
actual circuitry used in voltage source 35, control 
circuitry 38 and light detector 36 are well known to 
those skilled in the art and need not be described 
further. 

The materials used in describing the structure 
set forth above are not to be constructed as limit- 
ing but merely exemplary. For example, the 
waveguide could be constructed of a variety of 
materials such as lithium niobiate (LiNbOa) or other 
material capable of forming a non-linear frequency 
doubling waveguide. Additionally elastomeric gels 
other than PDMS may also be used. It is also 
noted that this device can be used for mode to 
mode coupling between two or more waveguides. 

Although the present invention has been de- 
scribed in conjunction with preferred embodiments, 
it is to be understood that modifications and vari- 
ations may be resorted to without departing from 
the spirit and scope of the invention, as those 
skilled in the art will readily understand. Such 
modifications and variations are considered to be 
within the purview and scope of the invention and 
the appended claims. 
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Claims 

1. A tunable optical waveguide device compris- 
ing: 

a waveguide having a first layer of non-linear 5 
optical material and a second layer, said first 
and second layers having differing indexes of 
refraction, characterized in that it comprises 
a light modulator disposed proximate to but 
spaced apart from said waveguide to define a 10 
gap therebetween, said light modulator includ- 
ing a substrate, at least one electrode dis- 
posed on said substrate; a deformable trans- 
parent gel layer disposed on said substrate 
and a layer of metal disposed on said gel 1$ 
layer; and 

means for providing a voltage differential be- 
tween said electrode and said metallic layer so 
as to cause said gel layer to be deformed to 
alter said gap between said metal layer and 20 
said waveguide to thereby phase match said 
waveguide. 

2. The tunable waveguide structure as claimed in 
Claim 1, characterized in that said waveguide 25 
comprises KTiOPO*. 

3. The tunable waveguide structure as claimed in 
Claim 1 or 2, characterized in that it comprises 

a control circuit for controlling a said means for 30 
providing a voltage differential. 

4. The tunable waveguide as claimed In Claim 1 , 
2 or 3, characterized in that it includes a light 
measuring device for measuring the output of 35 
the light from said waveguide, said light mea- 
suring device having an output connected to a 
control input of said control circuitry for con- 
trolling the voltage applied between said elec- 
trodes and said metallic layer. 40 



4 



EP 0 434 139 A2 




FIG.2 
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